A method for observation of superfluorescence in a cloud of cold metastable Ne atoms is proposed. Means of achieving a cold sample of trapped metastable atoms are discussed. The feasibility of obtaining conditions for a superfluorescence pulse is studied. The paper also discusses the prospects for obtaining intense pulses of extreme ultraviolet radiation.
Introduction
At present much attention in the field of experiments with cold atoms is being devoted to achieving Bose-Einstein condensation of various elements. This began with alkalimetal atoms [1] due to the relative ease of building and operating optical traps for such atoms. In the case of raregas atoms direct excitation from the ground state requires extreme ultraviolet radiation, and thus making a trap within a vapour cell becomes impossible. Fortunately, the presence of metastable states within the first excited state (one in helium and two in other rare-gas atoms) makes the optical cooling processes possible, and indeed Bose-Einstein condensation of metastable helium has been achieved [2] .
We want to indicate in this paper an interesting direction for experiments with cold metastable atoms dealing with cooperative emission of such samples. The possibility of cooling and trapping of metastable atoms of rare gases in highly energetic states (16.6 eV for Ne atoms in the 3 P 2 state, 20 eV for He*) offers the unique possibility of preparing a dense sample of atoms with a great amount of energy stored in the internal excitation. One can think about releasing this energy in a cooperative manner in a pulse of light of short duration and high intensity. In this manner superfluorescence (SF) with extreme ultraviolet photons may be studied. The present paper deals with the prospects of obtaining cooperative light emission from a sample of cooled metastable neon atoms gathered and cooled in a magneto-optical trap (MOT) and then transferred to a magnetic trap to form a cloud of the desired shape. The details are presented for Ne* atoms, although other metastable rare gas atoms should show similar behaviour.
Cooperative light emission from a dense sample of atoms prepared in an excited state is a process distinctly different from radiative relaxation of a single atom. The pulse of light thus produced is characterized by an intensity which is proportional to the square of the number of involved atoms, N 2 . A collection of atoms may be prepared in a correlated state by use of a coherent pulse of exciting light, which produces a macroscopic electric dipole moment. Enhanced radiative relaxation of such a sample was first discussed by Dicke [3] and is now referred to as super-radiance.
The process of SF has a totally different character, i.e. emission from a sample of uncorrelated atoms in a state with population inversion. Such a sample has no initial macroscopic dipole moment and the emission process is initiated by the spontaneous emission of fluorescence light from single atoms with intensity scaling as N . However, in the course of the process a coherent state of many atoms is created by coupling through the electromagnetic field of emitted radiation. A macroscopic dipole moment is created in this manner and this produces a pulse of radiation of intensity ∝N 2 . Creation of coherence in the atomic sample takes some time and the light pulse is characterized by a delay time τ D between the creation of the inversion and the peak of the SF emission. SF is a true quantum effect as it is initiated by a stochastic process of spontaneous emission. It was first discussed in a series of papers by Bonifacio and colleagues [4] . Lehmberg [5] and Agarwal [6] gave a complete quantum description of cooperative spontaneous emission for a sample with an active size smaller than the wavelength. Bonifacio and Lugiato [7] extended the treatment to a bigger, cigar-shaped, sample and to a transition with inhomogeneous broadening, and Glauber and Haake [8] presented a theory describing the role of quantum fluctuations in the initial part of the pulse. SF has been reviewed in [9] [10] [11] [12] . This paper presents the criteria for occurrence of SF in section 2. The structure of relevant Ne levels is presented in section 3 and the details of Ne* cooling and trapping in section 4. Section 5 discusses the requirements for the SF effect in terms of atomic number and density and section 6 specifies the details of transferring atoms from the metastable state to the short-lived state. The final conclusions are given in section 7.
Criteria for superfluorescence
To quantify the properties of SF several parameters describing the medium and its radiation properties need to be taken into account. These are: the radiative coupling time, τ R , i.e. the characteristic time in which the initial quantummechanical emission becomes a classical field, the propagation time through the medium, τ E , the time delay, τ D , describing the onset of cooperative emission pulse, and the relaxation times-inversion relaxation time, T 1 , single-atom polarization relaxation time, T 2 , and the many-atom transverse polarization relaxation time, T * 2 . T 1 and T 2 are given by radiative spontaneous emission, collisions and transit time, T * 2 results from inhomogeneous effects (Doppler broadening, inhomogeneous external fields). The radiative coupling time is given (e.g. [11] ) by
where N is the total number of interacting atoms, λ is the wavelength and A is the cross-sectional area of the sample. τ = 1/ is the partial radiative lifetime of the SF transition ( being the spontaneous emission rate for this transition), it is equal to or longer than the total radiative lifetime of the upper state. The propagation time is τ E = L/c, with L the sample length. The pulse delay time τ D is much larger than τ R and was estimated in [13] to be
The threshold for the SF occurs when τ R equals the dipole dephasing time T 2 . This can be understood as a condition for the threshold number of atoms N T :
where the sample volume V = AL has been introduced. Pure SF occurs if the atoms can communicate faster than the transit time, τ E < τ R . In other words, there is a limiting cooperation number, N c , the largest number of atoms that can emit cooperatively:
For the case τ E > τ R or N > N c , the propagation effects dominate and the SF peak intensity is no longer ∝N 2 , but rather scales as N . In such a case, the total sample volume can be divided into separate regions and cooperative emission is limited only to each region. The radiative coupling time for such a region is called the coherence time, τ c , and is equal to the geometrical mean of τ R and τ E :
For a given atomic density the same conditions can be expressed in terms of the coherence (or cooperation) length L c , the sample length L, and the threshold length L T , which is an inverse of the 'gain per unit length', L −1 T = α. The condition for pure SF is thus
The last inequality states that to have SF, cooperative spontaneous emission must dominate over stimulated processes. In the other case, L T L c < L, the effects of propagation dominate.
The inversion should be prepared in a time much shorter than the SF pulse build-up, i.e.
and should be prepared in a thin cylinder of low Fresnel number to ensure that off-axial modes are irrelevant and SF pulse is produced in a single diffraction mode:
The main experimental challenges are, therefore, to decrease the coherence relaxation times and to obtain an inverted sample of atoms in a short enough pulse.
Level structure
Neon atoms have three stable isotopes: 20 Ne with a natural abundance of 90.5%, 21 Ne with 0.27% and the remaining 9.22% are 22 Ne atoms. The most abundant 20 Ne has even numbers of protons and neutrons in the nucleus and, therefore, no hyperfine splitting of atomic levels. The ground state has the 2p 6 figure 1 .
The energy of the lowest excited states is much too high to use resonant radiation for optical cooling of Ne atoms (not to mention the formidable practical problem of constructing a source for about 74 nm wavelength). On the other hand, optical cooling on a transition starting from the 3 P 2 metastable excited state is possible: the lifetime of the metastable state is long enough and there is a convenient transition, which can be used for this purpose. This is a transition to state 3 
Ne cooling and trapping
As has already been mentioned, a trap for metastable raregas atoms cannot be made directly in the gas-filled cell. A typical experimental arrangement for cooling and trapping of Ne* atoms consists of a source of metastable atoms, a Zeeman slower and a MOT, from which atoms may be later transferred into a magnetic trap. A schematic view of the apparatus is presented in figure 2 . Metastable Ne cooling and trapping was first reported by Shimizu et al [16] whereas cold intense Ne* beams have been reported in [17, 18] . The atomic source can be cooled by liquid nitrogen [19] to lower the initial thermal velocities (mean velocity is then below 600 m s −1 ). Population of the metastable state is obtained by running an electric discharge through the expanding gas between the orifice of the Ne source and the skimmer forming the gas jet. At optimal conditions some 10 −4 atoms are in the metastable states with 5/6 of them in state 3 P 2 and the other 1/6 in 3 P 0 . A flux of Ne* atoms can be of the order of 10 9 s −1 , which allows for reasonable loading times of the MOT placed further downstream. The atomic beam can be collimated by transverse laser beams and is decelerated in a Zeeman slower by a counter-propagating laser beam (mean velocity decreases from the initial velocity to some 50 m s −1 ). The standard sixbeam MOT collects slow Ne* atoms. A record number of 9 × 10 9 20 Ne atoms collected in the MOT has been reported in [20] . Care has to be taken to ensure that neither the magnetic field of the Zeeman coil nor the slowing beam disturb the MOT operation. This can be done either by appropriate magnetic shielding or by switching off the magnetic field of the Zeeman slower. The slowing laser beam might be blocked by shutters or the beam of slow Ne* atoms might be deflected so that the MOT centre is positioned off the Zeeman coil axis, as shown in figure 2 . This has an additional advantage of separating the MOT volume from the influence of fast, ground-state Ne atoms. A transfer of atoms from the MOT into a magnetic trap of the Joffe-Pritchard type [21, 22] has been perfected in many experiments leading to Bose-Einstein condensation and consists of several stages: far-detuned MOT and optical molasses to cool down atoms; a short period of optical pumping to transfer all atoms into one magnetic substate. After that all laser beams are switched off and magnetic trap fields are switched on: first in a configuration where the trap volume corresponds to the MOT volume and subsequently into the compressed trap with a cigar shape.
Sample preparation
The oscillator strength of the transition from the metastable 3 P 2 state to the ground state is far too low to initiate an SF pulse. On the other hand, if population is transferred into other, short-lived state, an SF pulse may be possible. Two possible realizations of an SF experiment are considered: SF at the UV transition from the short-lived 2p 5 3s levels, or SF in the visible from one of the 2p 5 3p states followed by a UV cascade. In the first case, a fast transfer from the metastable state to short-lived 3 P 1 and 1 P 1 states is required; in the second case fast excitation to one of the 2p 5 3p states. In each case the requirement of a total population inversion is fulfilled: there are no Ne atoms in the ground state in the trap volume, also the triplet and singlet P 1 states, which are the lower states of the SF transition from the D states, are unpopulated.
The experimental preparation of the SF sample is very similar to the steps on the way towards the Bose-Einstein condensation, before the final evaporative cooling procedure. We will, therefore, assume the parameters characterizing the atomic sample as close to the ones in experiments aiming at condensation, e.g. [24] . Let us consider Ne* atoms stored in a MOT and then transferred into a magnetic trap of the Joffe-Pritchard configuration. The initial trap configuration is such as to match the size of the MOT cloud, then the cloud is adiabatically compressed by a decrease of the bias field. It decreases the cloud volume with a corresponding increase of the temperature. We assume the temperature in the magnetic trap to be about 0.1 mK. The trap parameters are taken such as used in the experiments on Bose-Einstein condensation of other elements. The axial vibrational frequency is assumed equal to 2π × 10 Hz and the radial frequency equal to 2π × 600 Hz. The atomic cloud thus has an axial extension of about 9 mm and a radius of 76 µm. Table 1 presents relevant parameters, which appear in equation (6), calculated for the above stated cloud parameters and for different SF transitions. The dephasing time T * 2 is assumed to be caused by the inhomogeneous line broadening resulting from the residual Doppler broadening and Zeeman effect. The coupling time τ R is calculated per single atom; the actual coupling time is the given value divided by the number of atoms prepared in the upper state of the SF transition. The threshold number of atoms N T defined in equation (3) is calculated together with the atomic density ρ T resulting from such an atom number stored in the trap of given geometry.
In order to fulfil the condition expressed in equation (6), the number of atoms in the inverted state must be of the order of 10 7 -10 8 for the UV transitions and about 10 6 for the transitions in the visible. Taking into account an imperfect transfer of atoms from the trapped metastable state to the starting state of the SF transition, higher values are required for the atom number and density in the trap. For the sake of this estimate let us assume a 10% transfer efficiency. The required densities in the trap are thus 10 12 -10 13 cm −3 for the UV transitions and above 10 10 cm −3 for the visible transitions. The latter value can indeed be realized in the present experiments, whereas the former puts a very stringent condition on the experimental set-up. The main limiting factor for obtaining the required densities are the Penning ionization (PI) and associative ionization (AI) collisions. In these processes two metastable Ne atoms in the 3 P 2 state of 16 eV electronic energy collide to yield ionized atoms or molecules:
The kinetic energy of the released electron is of the order of 12 eV. In the Penning ionization reaction, the neon atom in the ground state and the ion have kinetic energies of a few hundred kelvin. In the associative ionization process, the molecular ion stores the initial kinetic energy as the vibrational energy. The rate constants for such collisions have been calculated by Doery et al [23] for the gas in an unpolarized and polarized state. For two atoms in the pure |J = 2, m J = 2 state the ionization should be spin forbidden. In fact, the influence of the anisotropic core makes the ionization possible, although strongly suppressed. The obtained values, K i and K pol i , for the unpolarized and polarized case are
It should be noted that the calculations for the second case are based on the molecular potentials for Na atoms as the interaction potentials for Ne are still not known precisely and the actual value of the suppression of the ionization processes for polarized gases are still to be measured. Beijerinck et al [24] have calculated the magnetic trap lifetimes caused by the ionizing collisions and the subsequent heating in the context of prospects for BEC in metastable Ne. The obtained value of 200 s for the number density of 5 × 10 11 cm −3 provides a reasonably optimistic expectations of obtaining even higher densities.
Transfer to a short-lived state
In this section we study the means of transferring atoms into the short-lived states, either of the 3s or the 3p configuration. Figure 3 Let us first consider the excitation to the 3 P 2 state. According to equation (7) it should be performed by a pump pulse with a duration of a few nanoseconds. This seems to be easily realizable. The efficient transfer of atoms to the 3s states can be done in a process of the fast adiabatic transfer type.
Conclusions
Metastable neon is a perfect candidate for an experiment aimed at producing SF from a sample of cold atoms. Neon can be produced in a metastable state by simple electric discharge with good efficiency, cooled at a convenient wavelength and trapped in magneto-optical and magnetic traps of geometries required for SF. The lowest metastable state lifetime is long enough to allow for the cooling process and manipulation with cold atoms. The cold atomic sample offers exceptional qualities of low relaxation rates and the case of metastable atoms is made especially interesting by the absence of ground-state atoms and thus provision of total population inversion.
The prospects of obtaining SF pulses on the UV transition from the 3s states to the ground state are not yet clear, as the required atom numbers and densities are above the ones currently obtained. The limits are imposed by the high Penning ionization rates, which may be suppressed by spin selection rules for the case of spin-polarized sample at ultralow temperatures, similar to the case for He, see e.g. [25] . The actual values for the suppression factors are not yet known with satisfactory accuracy. Yet another difficulty results from the very short wavelength and it is the high Fresnel number for the cloud of atoms in a magnetic trap of standard parameters.
Lower Fresnel numbers would require traps with very high aspect ratio which imposes further experimental difficulties.
On the other hand, the calculations show that atomic numbers and densities required for the achievement of SF pulse production from the 3p states are well within the reach of the present experiments.
Moreover, the trap cloud has a conveniently low Fresnel number for the considered wavelengths to ensure only axial emission. Such a superfluorescent pulse transfers the population into one of the short-lived 3s states, from which it would cascade down into the ground state with the emission of extreme ultraviolet radiation of about 75 nm wavelength. An open question remains whether the transfer of population into the 3s state by the SF pulse would be fast enough so that one might expect cooperative emission also on this transition. In any case, some 10 6 ultraviolet photons would be emitted in a pulse of (sub)nanosecond duration. Some hints may be deduced from the observations of infrared SF followed by a superradiant emission on a cascading transition in Cs and Rb [26] , interpreted also in terms of parametric time-delayed four-wave mixing.
